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Sample Preparation, Experimental and Analytical Methods 682 
Sample preparation 683 
 Olivine grains, 150-850 µm diameter and containing MIs, were handpicked from 7 samples 684 
(10020,49, 12008,5, 12040,199, 15016,22, 15647,22, 74220,871, and 74235,22).  We also examined 685 
lunar soil 15421,22 (containing high proportion of green glass beads) but no olivine crystals with MIs 686 
more than a few µm diameter were found. Individual loose plagioclase crystals with glassy MIs have been 687 
identified in 15421,22 and examined, but the inclusions are too small (≤ 7 µm diameter) to be located 688 
accurately for SIMS analyses. 689 
  Olivine-hosted MIs in 74220,871 (containing high proportion of orange glass beads) are naturally 690 
glassy or nearly glassy. All other olivine-hosted MIs are crystalline (one inclusion in 10020 is partially 691 
glassy). Some crystalline MIs from 10020, 12008, and 15016 were homogenized at 1540K (see below) 692 
prior to microbeam analyses, and some were analyzed using a large-sized beam without homogenization. 693 
Because volatile components (H2O, F, S, Cl) and non-volatile elements are analyzed in different SIMS 694 
sessions, for the unhomogenized crystalline inclusions, the volatile analyses and non-volatile elemental 695 
analyses are not on the same material and are hence not directly comparable. Only glassy (including the 696 
naturally glassy and homogenized) MIs are used for quantitative purposes. 697 
  Olivine grains containing MIs (some after homogenization) are prepared into thin wafers, with MI 698 
exposed on the top surface.  Before and during sample preparation, the MIs were carefully examined 699 
under optical microscope to ensure they are not connected to cracks. The samples were mounted in 700 
indium metal following previous studies (e.g., Hauri et al. 2002).  Major elements of these samples were 701 
analyzed by Electron Microprobe Analyzer (EMPA) at the University of Michigan.  Volatiles were 702 
analyzed by Secondary Ion Mass Spectrometry (SIMS and NanoSIMS) at Caltech.  Nonvolatile trace 703 
elements were analyzed separately by SIMS at Caltech after the analyses of volatile elements.  704 
  Two glass beads, each from 74220,871 (orange glass) and 15421,22 (green glass), were also polished 705 
and analyzed for major, volatile, and nonvolatile trace elements.   706 
Homogenization experiments 707 
  Micro-beam analysis on the crystalline MIs may yield biased results due to the chemical 708 
heterogeneity at micrometer to ten-micrometer scale.  In order to avoid this effect, some crystalline MIs 709 
were homogenized into glassy inclusions by melting at high temperatures before polish and chemical 710 
analysis.   711 
  Homogenization experiments were carried out in a Deltech vertical gas-mixing furnace at the 712 
University of Michigan.  Olivine crystals with crystalline MIs were placed in graphite crucibles and then 713 
placed inside the Deltech furnace but initially far away from the hot spot. The furnace was first set to 714 
about 1540 K under high-purity N2 gas environment at one bar pressure.  The temperature was chosen to 715 
be slightly higher than the dry liquidus temperature of the lunar basalts at one bar, such that the MIs 716 
would become completely molten at this temperature.  High-purity N2 gas (99.9999% with less than 0.15 717 
ppm of moisture and O2, 0.10 ppm of total hydrocarbons and CO+CO2) was used to protect the olivine 718 
crystals and graphite crucibles from being oxidized, and to prevent any possible terrestrial water 719 
contamination into the MIs during the experiments.  Specifically, we decided not to use piston-cylinder 720 
experiments to homogenize the crystalline MIs to avoid any possible addition of terrestrial water. In one-721 
atmosphere water-free experiments, there is no likelihood of gaining water. 722 
  Once the desired temperature is reached, the graphite crucible with olivine grains was slowly inserted 723 
to the hot spot of the furnace (in ≤ 10 minutes), and held at 1540 K for 2 minutes. Such short 724 
homogenization duration is chosen to be just enough to melt the inclusion based on trial and error, so as 725 
to avoid possible water loss from MIs.  The graphite crucibles were then rapidly taken out and half-726 
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submerged in water to quench.  The olivine crystals were quenched in less than one minute.  During 727 
quench, water was kept out of the crucibles to prevent olivine cracking and water contamination.  728 
  At least two processes during homogenization might have affected the composition of the melt 729 
inclusions.  One is the inward dissolution or crystallization of the olivine host into the MI depending on 730 
the MgO content of the homogenized melt inclusion.  The majority of the homogenized melt inclusions 731 
and the host olivine have Fe/Mg exchange coefficient of 0.30±0.03, suggesting rough equilibrium.  The 732 
equilibrium could be the initial state or could have been reached during the homogenization experiment 733 
due to host olivine dissolution or crystallization into the MI.  That is, if there was post-entrapment inward 734 
crystallization of olivine, the homogenization experiment re-established the equilibrium.  Some MIs have 735 
higher MgO than the expected equilibrium concentration with the host olivine.  This might be due to 736 
insufficient time to homogenize the melt inclusion (e.g., grains with low MgO have not melted).  Another 737 
effect is possible water loss from the MI by diffusion through the olivine host.  Based on model 738 
calculation (Chen et al. 2013), less than 1% of the total dissolved water in the MIs would be lost during 739 
the short duration of heating.  Even though we have taken various precaution steps and it is unlikely that 740 
H2O would be lost from the MIs during homogenization, we cannot completely rule out the possibility of 741 
water loss; e.g., there might be microcracks or nanocracks along which H2O could be lost during short-742 
duration heating.  743 
Electron microprobe analyses of major elements 744 
  Major elements were analyzed by a Cameca SX100 electron microprobe at the University of 745 
Michigan, using 15 kV acceleration voltage, 5 nA current, and 10 μm scanning beam.  For crystalline 746 
MIs, multiple spots were analyzed and averaged for each inclusion to better represent the whole inclusion 747 
composition.  748 
SIMS analyses of volatiles 749 
  Volatiles (H analyzed as OH and reported as H2O, F, S, and Cl) were analyzed in five SIMS analysis 750 
sessions at Caltech, two on a Cameca NanoSIMS 50L, and the other three sessions on a Cameca IMS 7f-751 
GEO.  We generally followed previous analytical procedures (e.g., Hauri et al. 2002, Mosenfelder et al. 752 
2011), with efforts particularly aimed to reduce the hydrogen background during analyses.  Samples were 753 
stored in a vacuum oven at about 70 ºC for a few days before being placed in the high vacuum chamber of 754 
the SIMS instruments.  When possible, samples were held in the high vacuum chamber over weekend 755 
before analysis.  The instruments were baked for one day before the analysis sessions.  For the IMS 7f-756 
GEO, a liquid N2 cold trap was also used to improve the vacuum condition.  The vacuum in the sample 757 
chamber was about 6×10-10 torr for the NanoSIMS 50L, and about 1.5×10-10 torr for the IMS 7f-GEO. 758 
  Seven MPI-Ding glasses (GOR128-G, GOR132-G, KL2-G, ML3B-G, StHs6/80-G, T1-G, ATHO-G) 759 
(Jochum et al. 2000, 2006) plus a mid-ocean ridge basalt (MORB) glass were used as standards.  The 760 
water concentrations in the reference glasses were analyzed by FTIR at the University of Michigan.  F, S, 761 
and Cl concentrations in the MPI-Ding glasses were from Jochum et al. (2006).  S concentration in the 762 
MORB glass was analyzed by EMPA.  F and Cl concentrations in the MORB glass were not determined.  763 
A dry olivine standard (GRR1017) was used to examine the background of the ion species. 764 
 For the analytical sessions using NanoSIMS 50L, seven ion species, 12C, 16O1H, 18O, 19F, 30Si, 32S, and 765 
35Cl, were generated using a 0.5-1 nA and 5 μm diameter Cs+ primary ion beam and simultaneously 766 
analyzed by seven electron multiplier detectors.  In one analysis session, 30Si was replaced by 31P, in order 767 
to confirm that the analysis spot was completely within the MIs by comparing the P concentrations by 768 
SIMS and EMPA methods. Sample charging was compensated by an electron gun. The best analysis 769 
position of the MI was verified by the contrasting secondary ion signals between the inclusion and host 770 
olivine.  Each analysis position was pre-sputtered by the primary ion beam rastered over a 10×10 μm 771 
area.  The primary ion beam then rastered over the center 5×5 mm area, and secondary ions from the 772 
center 3×3 μm area (electronic gating) were counted for 3.6 minutes.  18O counting rate was on the order 773 
of 1×105 counts per second, and 16O1H/18O on a dry olivine standard was about 2×10-3.   774 
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 For the analytical sessions using IMS 7f-GEO, the same seven ion species were analyzed with a 775 
particular focus to obtain low H2O detection limit.  A 2-5 nA and 15 μm diameter Cs+ primary ion beam 776 
was used to generate the negative ions, which were then sequentially analyzed by an electron multiplier 777 
detector.  Sample charging were compensated by an electron gun.  A mass resolving power of ~5000 was 778 
used to separate 16O1H from 17O.  Each analysis position was pre-sputtered by the primary beam rastering 779 
over a 25×25 μm area for 2 minutes. For data collection, the primary ion beam rastered the center 10×10 780 
μm area, and secondary ions from the center 8×8 μm area were counted.  Automatic peak centering and 781 
mass calibration were performed during the analyses. In each counting cycle, the counting time was 2 782 
seconds for 12C, and 1 second for the others.  Each analysis position was analyzed for 20 cycles.  18O 783 
counting rate was about the same as that of the NanoSIMS, but 16O1H/18O on a dry olivine standard was 784 
about 3×10-4, nearly one order of magnitude smaller than that of the NanoSIMS. 785 
Volatiles: SIMS data processing 786 
  Many MIs were repeatedly analyzed by SIMS in each session as well as in different sessions, in order 787 
to examine reproducibility and to obtain good average volatile concentrations representing the whole 788 
inclusions.  Glassy MIs generally yielded consistent data across different analysis points.  Crystalline MIs 789 
showed much larger scatters than the glassy ones, as expected from heterogeneity of such inclusions.  790 
Data were examined and filtered based on the following three criteria: (1) Each analysis position was 791 
examined under optical microscope and Scanning Electron Microscopy (SEM) at the University of 792 
Michigan after SIMS analysis, and data on problematic positions were excluded; (2) Data with low 30Si or 793 
18O counting rate were rejected, because they indicate possible misalignment of the secondary ion beam; 794 
(3) Data with high 12C counting rate were generally rejected, because they may contain surface/crack 795 
contamination signals.  12C/18O background was about 2×10-4 in the NanoSIMS, and 4×10-5 in the 7f-796 
GEO.  Some data show high 12C counts, but their H2O concentrations are consistent with those with low 797 
12C counts.  Because tiny residual carbon coating from prior electron microprobe analyses can lead to 798 
large C signals, these H2O data were kept.  High 12C counts were not found to correlate with high F, S, or 799 
Cl concentrations. 800 
  Calibration lines for each SIMS session were established using the glassy standards.  Two different 801 
calibrations were established for basaltic composition and andesitic-dacitic composition.  Fig. 1 shows 802 
some examples of calibration curves.  For the NanoSIMS data, relative uncertainties are 5% for H2O, 803 
11% for F and S, and 6% for Cl, based on the reproducibility of the glass standards. The detection limits 804 
are 15 ppm for H2O, 0.01 ppm for F, 0.2 ppm for S, and 0.1 ppm for Cl.  For the 7f-GEO data, relative 805 
uncertainties are 12% for H2O and F, 13% for S, and 8% for Cl, and the detection limits are 1 ppm for 806 
H2O, 0.01 ppm for F, 0.3 ppm for S, and 0.03 ppm for Cl.  807 
SIMS analyses of trace elements 808 
  Twenty trace elements (Sr, Y, Zr, Nb, Ba, La, Ce, Pr, Nd, Sm, Eu, Gd, Tb, Dy, Ho, Er, Tm, Yb, Lu, 809 
Hf) were analyzed with Cameca IMF 7f-GEO at Caltech, using the energy-filtering technique (e.g., 810 
Zinner and Crozaz, 1986).  In one SIMS session, Al, K, and U were also analyzed. The Al concentration 811 
is compared to their concentrations by EMPA method, in order to confirm that the SIMS spots were 812 
completely within the MIs.  The analyzed concentration of Al or Sr (one of the best analyzed trace 813 
element) should be close to, or slightly higher than the respective concentration in the glass beads or 814 
whole rock (http://curator.jsc.nasa.gov/Lunar/lsc/index.cfm) due to post-entrapment crystallization. 815 
Hence, we use the criterion that if the Al concentration is lower than that in the glass beads by more than 816 
10%, or if the Sr concentration is lower than that in the glass beads or whole rock by more than 20% (the 817 
10% and 20% are used to allow for analytical errors), then the trace element data are considered to have 818 
been diluted by beam overlapping with or drilling into olivine, and are discarded.  In this way, we prevent 819 
the volatile to refractory elemental ratios from being too high. 820 
 Positive ions of 30Si and the above trace elements were generated by a 5-15 nA and 15 μm diameter 821 
O- primary ion beam.  Each analysis position was pre-sputtered by the primary beam rastering over a 822 
20×20 μm area for 10-30 seconds.  The short pre-sputtering time was sufficient because trace elements 823 
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analyses were always on previous analysis positions of volatiles.  The secondary ion beam and the peak 824 
position of 30Si were then automatically centered.  During analyses, the primary ion beam rastered the 825 
center 10×10 μm area, and secondary ions from this area were counted (no electronic gating).  In each 826 
counting cycle, the counting time was 1 s for 30Si, and 2-10 s for the trace element ions.  Each analysis 827 
position was analyzed for 6 cycles. 828 
  Two glass standards from the National Institute of Standards and Technology (NBS610 and NBS612) 829 
(Gladney et al., 1987) and an MPI-Ding glass (T1-G) (Jochum et al., 2006) were used as trace elements 830 
standards.  2σ relative uncertainties are 10% or less for Sr, Y, Zr, Ba, Ce, Nd, and Dy, 10-30% for Nb, 831 
La, Pr, Sm, Gd, Tb, Ho, Er, Yb, and U, about 50% for Tm and Lu, and 100-200% for Eu and Hf.  832 
EMPA and SIMS analyses of the unhomogenized crystalline MIs vs. homogenized MIs 833 
  Initially we thought that good data could be obtained on unhomogenized crystalline MIs by using a 834 
large beam size to sample a large area.  Hence, data were collected on the unhomogenized crystalline MIs 835 
(Table S4).  Eventually we decided that the practice is not optimal: because we need to examine the 836 
systematic correlation between volatile and nonvolatile elements, but different grains inside an 837 
unhomogenized crystalline melt inclusion can have difference ratios.  In addition, volatile elements and 838 
nonvolatile elements are measured in different sessions and hence sampled different volumes, leading to 839 
even larger variation in the volatile to nonvolatile elemental ratios.  Specifically, a high volatile to non-840 
volatile elemental ratio may be artifact of the analyses.  Hence, the data on the unhomogenized crystalline 841 
melt inclusions are not used to estimate lunar volatiles concentrations in the lunar mantle.  842 
  When the homogenized MIs are compared with the unhomogenized crystalline MIs, on average, they 843 
have similar average concentrations but the unhomogenized MIs are more scattered in concentrations.  844 
For example, H2O concentrations in the homogenized MIs range from 5 to 131 ppm, and those in the 845 
unhomogenized crystalline MIs range from 2 to 336 ppm.  The homogenized MIs contain 22-117 ppm F, 846 
0.1-6.0 ppm Cl, and 363-1990 ppm S, whereas the unhomogenized crystalline MIs contain 20-513 ppm F, 847 
0-19 ppm Cl, and 21-1794 ppm S.  The larger scatter in elemental concentrations in the unhomogenized 848 
MIs compared to the homogenized MIs is expected because even a large beam size is used, an analysis on 849 
an unhomogenized MI samples a small region of a heterogeneous MI.  The similar average concentrations 850 
between unhomogenized and homogenized MIs imply that H2O and other volatile loss during the short-851 
duration homogenization is probably minimal, although we cannot rule it out. 852 
H2O by FTIR 853 
  Water concentrations in the SIMS standards and selected MIs were analyzed by a microscope system 854 
of a PerkinElmer GX FTIR spectrometer at the University of Michigan. Olivine crystals containing large 855 
and glassy MIs were taken out from indium mount after SIMS analysis and doubly polished to expose the 856 
inclusions on both top and bottom surfaces.  Some MIs were lost in this process. Good IR spectra were 857 
obtained for only one melt inclusion although many were measured. The absorbance at 3500 cm-1 858 
wavenumber was measured using a straight baseline correction.  Water concentration was calculated 859 
using the Beer-Lambert law (e.g., Stolper 1982).  860 
  861 
Rarity of amphibole in lunar rocks 862 
 If the primitive lunar mantle contains ~100 ppm H2O, then why are hydrous minerals such as 863 
amphibole are so rare in lunar rocks (McCubbin, 2007)? We focus here on amphibole because it is the 864 
most common igneous hydrous mineral in terrestrial mafic rocks.  Mid-ocean ridge gabbros often contain 865 
primary igneous amphibole (e.g., Alt and Anderson, 1991; Coogan et al., 2001). 866 
  One important factor is that the lunar surface is essentially a vacuum, and the lithostatic pressure 867 
gradient on the moon is ~1/6 that on earth, so near-surface magmas likely degas extensively and are 868 
unable to crystallize amphibole (or other hydrous minerals).  For example, 20 m depth of magma or rock 869 
is necessary to produce a pressure of 1 bar (the earth’s surface pressure), and the solubility of H2O in 870 
basalt at such a pressure is about 700 ppm (Liu et al., 2005; Newcombe et al., 2012).  For measured H2O 871 
content of 1400 ppm and CO2 content of 6 ppm (Hauri et al., 2011), the vapor pressure of H2O, H2, CO2, 872 
and CO would be 0.4, 1.0, 1.2, and 9.2 MPa at a logfO2 of IW–1(Newcombe et al., 2012), and the total 873 
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pressure would correspond to a magma depth of 2.4 km.  Based on our conclusions above, lunar mafic 874 
magma is expected to contain similar or just slightly lower amount of H2O as MORB, and to reach the 875 
right condition for amphibole growth if the pressure of crystallization is sufficient. Nicholis and 876 
Rutherford (2004) determined experimentally that the lowest H2O pressure to stabilize F-free and Cl-free 877 
amphibole in basalt is 90 MPa, which is equivalent to 18 km depth in the moon (more than 18 km depth if 878 
the likely presence of other gases is considered), but only ≥2.4 km below the seafloor on the earth 879 
(assuming seafloor pressure of 25 MPa).  Amphibole crystals in mid-ocean ridge gabbros are almost F-880 
free and Cl-free; e.g., F+Cl in primary igneous amphibole crystals in mid-ocean ridge gabbros occupies 881 
less than 10% of the F+Cl+OH site (Coogan et al., 2001).  Hence, the use of the results by Nicholis and 882 
Rutherford (2004) is appropriate.  On the earth, gabbros from a depth of several km can be uplifted to 883 
near surface, e.g., along fracture zones.  However, on the moon, excavating plutonic mafic rocks from ≥ 884 
18 km depth is less likely. Nevertheless, some lunar highland breccias contain rocks that were inferred to 885 
come from 12 to 34 km depth (Herzberg and Baker, 1980) but are amphibole-free.  We conclude that the 886 
absence of hydrous minerals in lunar rocks likely reflects the combined influences of degassing in a high-887 
vacuum environment on the surface, combined with the great pressure required to stabilize amphibole in 888 
basaltic magmas of moderate water content, and the difficulty of sampling lunar rocks from great depth. 889 
Finally, it is worth noting that on the earth’s surface, many hydrous minerals form due to weathering, 890 
diagenesis and metamorphism in the presence of liquid water, which is apparently lacking on the moon. 891 
  Another hydrous mineral that is often discussed in the context of lunar volatiles is apatite. Apatite is 892 
common in terrestrial basalts but much less common in lunar basalts.  On the other hand, merrillite 893 
(previously often referred to as “whitlockite” or “lunar whitlockite”, see Jolliff et al., 2006 for 894 
terminology) is more common in lunar basalts. Although in earlier years, the presence or absence of 895 
certain phosphate minerals were used to indicate wet or dry magmas and to infer H2O concentrations 896 
(e.g., Boyce et al., 2010; Patino-Douce et al., 2011), more recent studies (Boyce et al., 2014; McCubbin et 897 
al., 2014; Pernet-Fisher et al., 2014), appear to reach the tentative conclusion that the occurrence or 898 
absence of specific phosphate minerals does not provide a strong constraint on H2O content in lunar 899 
magmas because late-stage evolution of lunar basaltic magma can be very different from terrestrial 900 
basaltic magma.  901 
 902 
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Fig. S1. Examples of calibration curves for the SIMS measurement of H2O concentrations. 950 
  951 
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 953 
 954 
Fig. S1. F concentrations against La, Ce, Pr and Nd in olivine-hosted basaltic melt inclusions to examine the degree 955 
of incompatibility of F. Data sources are the same as in Fig. 4.  The solid line is the elemental ratio from 956 
McDonough and Sun (1995). Best log-linear relation that is consistent with the BSE ratio is between F and Nd. 957 
  958 
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Table S1. Naturally glassy melt inclusions 959 
Lunar sample # 74220 
MI # 1 3 5 8a 8b 9a 9a-2 12 14a 
host olivine diameter (μm) 333 278 369 383 383 389 389 255 469 
host olivine Fo# 80 81 80 80 81 78 78 74  
inclusion diameter (μm) 23 30 14 33 18 54 54 19 11 
SiO2 (wt%) 40.62 41.57 40.77 40.39 39.26 54.00 41.83 
TiO2 11.81 9.26 11.34 12.41 9.82 3.59 10.35 
Al2O3 8.54 9.25 9.28 9.11 8.15 13.59 9.48 
FeO 21.53 20.49 20.27 21.16 24.09 5.65 19.41 
MnO 0.30 0.21 0.23 0.27 0.27 0.12 
MgO 3.74 4.75 3.64 4.20 5.37 1.95 7.48 
CaO 11.35 11.53 12.01 11.05 9.89 18.97 9.81 
Na2O 0.46 0.54 0.500 0.56 0.38 0.64 0.72 
K2O 0.08 0.08 0.105 0.10 0.07 0.11 
P2O5  0.04 0.10 0.08 0.07 0.04 0.10 
Cr2O3 0.25 0.44 0.58 0.13 
H2O (ppm) 574 802 661 860 1166 1097 671 
F 34 57 57 59 77 60 48 
S 391 731 541 691 803 
Cl 1.71 2.3 2.2 3.3 2.8 3.8 3.0 
Sr 313 245 280 
Y 55 53 54 
Zr 243 203 207 
Nb 27 17.7 21 
Ba 122 83 94 
La 8.1 6.6 6.9 
Ce 23 21 23 
Pr 4.1 3.5 3.2 
Nd 22 20 19.4 
Sm 9.3 7.1 9.0 
Eu 3.6 2.6 1.9 
Gd 9.7 9.6 9.6 
Tb 1.24 1.54 2.0 
Dy 10.2 10.4 9.5 
Ho 2.2 1.64 1.20 
Er 5.5 5.1 4.7 
Tm 0.47 0.59 0.48 
Yb 4.8 4.7 4.6 
Lu 1.0 0.68 0.22 
Hf 4.2 4.7 6.9 
U 0.089 
 960 
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Table S1. 962 
Lunar sample # 74220 10020 
MI # 14b 15a 15b 15c 11b 11b 11b 11b 
host olivine diameter (μm) 469 339 339 339 188 188 188 188 
host olivine Fo#     69 69 69 69 
inclusion diameter (μm) 9 35 21 21 14 14 14 14 
SiO2 (wt%) 39.67 45.23 37.71 43.07 54.96 
TiO2 8.33 9.12 11.40 9.12 4.64 
Al2O3  8.43 9.59 7.69 9.38 10.65 
FeO 21.44 18.94 23.29 19.96 7.41 
MnO 0.50 0.10 
MgO 9.70 5.25 5.15 4.65 2.34 
CaO 10.65 11.27 11.38 12.11 19.23 
Na2O 0.54 0.72 0.45 0.54 0.68 
K2O 0.18 
P2O5  0.11 
H2O (ppm) 670 733 787 811 326 346 
F 46 59 65 64 122 163 138 160 
S 629 749 828 822 276 236 432 185 
Cl 2.5 3.9 3.8 3.9 5.0 6.9 4.9 5.8 
Sr 314 323 349 188 
Y 60 58 69 158 
Zr 244 221 282 399 
Nb 28 27 29 25 
Ba 118 112 122 141 
La 8.6 7.1 8.5 16.0 
Ce 28 21 29 49 
Pr 3.8 3.6 4.9 10.3 
Nd 24 22 27 46 
Sm 10.1 6.5 10.4 20 
Eu 5.9 6.7 2.9 0.34 
Gd 8.5 9.3 12.1 22 
Tb 1.47 1.51 1.47 3.6 
Dy 10.7 10.3 12.3 28 
Ho 2.4 2.1 1.93 7.0 
Er 4.1 5.9 6.1 16.7 
Tm 0.87 0.40 1.3 3.2 
Yb 4.7 5.8 5.5 19.9 
Lu 1.3 0.72 1.1 1.8 
Hf 11 0.22 11 14 
U 3.8 3.8 
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Table S2. Homogenized melt inclusions 965 
Lunar sample # 10020 12008 
MI # 16 2a 2a 2b 3 3 3 3 
host olivine diameter (μm) 364 455 455 455 718 718 718 718 
host olivine Fo# 70 70 70 70 76 76 76 76 
inclusion diameter (μm) 83 46 46 25 74 74 74 74 
SiO2 (wt%) 39.22 41.20 47.01 44.75 
TiO2 11.46 6.36 5.13 4.92 
Al2O3 10.49 8.39 11.10 10.18 
FeO 18.08 21.87 18.67 16.43 
MnO 0.31 0.24 0.18 0.27 
MgO 6.54 7.77 7.17 9.85 
CaO 11.33 10.28 11.47 11.39 
Na2O 0.30 0.45 0.33 0.38 
K2O 0.12 0.09 0.07 0.12 
P2O5  0.00 0.15 0.06 0.19 
H2O (ppm) 131 31 5.4 5.2 4.7 77 22 
F 49 117 113 32 56 76 62 70 
S 1189 1990 974 512 428 644 480 1083 
Cl 3.5 4.8 4.0 1.35 4.7 9.8 5.9 6.0 
Sr 120 130 
Y 71 54 
Zr 162 162 
Nb 14.2 10.2 
Ba 45 77 
La 4.1 8.2 
Ce 16.1 21 
Pr 2.4 3.8 
Nd 15.6 15.1 
Sm 6.6 5.2 
Eu 0.78 2.0 
Gd 11.0 7.5 
Tb 2.1 1.56 
Dy 12.6 9.1 
Ho 2.9 3.1 
Er 7.6 6.3 
Tm 1.2 0.87 
Yb 8.7 5.9 
Lu 1.3 1.0 
Hf 7.6 4.7 
H2O by FTIR (ppm) 95±33        
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Table S2.  968 
Lunar sample # 12008 15016 
MI # 4a 4a 4a 4a 4b 4c 4 
host olivine diameter (μm) 209 209 209 209 199 199 495 
host olivine Fo# 68 68 68 68 68 68 57 
inclusion diameter (μm) 29 29 29 29 25 28 44 
SiO2 (wt%) 48.95 44.42 42.41 47.58 
TiO2 5.47 5.95 5.41 2.70 
Al2O3 10.15 11.39 10.49 10.03 
FeO 11.23 12.83 18.94 14.71 
MnO 0.37 0.26 0.24 0.28 
MgO 10.66 7.89 6.77 9.37 
CaO 11.75 12.40 11.60 10.53 
Na2O 0.45 0.52 0.31 1.82 
K2O 0.12 0.10 0.07 0.19 
P2O5 0.16 0.16 0.02 
H2O (ppm) 58 2.9 38 21 22 54 
F 23 27 24 25 33 47 25 
S 391 447 423 633 916 1351 363 
Cl 0.099 0.107 0.119 0.193 5.5 2.2 0.190 
Sr 132 136 116  
Y 52 59 36  
Zr 140 150 98  
Nb 6.8 5.7 4.1  
Ba 56 62 47  
La 5.6 6.4 4.5  
Ce 19.4 20 12.1  
Pr 3.5 3.8 2.2  
Nd 16.5 16.9 11.6  
Sm 6.6 8.2 3.9  
Eu 1.7 2.1 1.7  
Gd 7.3 7.1 7.8  
Tb 1.35 1.55 1.34  
Dy 9.4 10.4 7.8  
Ho 1.97 2.9 1.19  
Er 6.1 6.9 4.4  
Tm 0.65 1.0 0.78  
Yb 6.6 6.4 4.3  
Lu 0.60 1.0 0.66  
Hf 6.6 6.7 3.8  
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Table S3. Embayments and glass beads 970 
Lunar sample # 74220 15421 
MI # 2 4 4 6 1 
host olivine diameter (μm) 245 330 330 glass bead glass bead 
host olivine Fo# 81 81 81   
embayment diameter (μm) 46 60 60 glass bead glass bead 
SiO2 (wt%) 39.26 39.29 38.94 44.60 
TiO2 11.84 12.53 10.71 0.43 
Al2O3 7.91 8.69 6.36 7.21 
FeO 22.73 22.12 22.77 20.47 
MnO 0.23 0.32 0.31 0.23 
MgO 6.44 4.74 8.15 17.33 
CaO 9.97 10.36 9.83 8.12 
Na2O 0.45 0.42 0.31 0.10 
K2O 0.09 0.10 0.05 0.01 
P2O5 0.01 0.03 0.01 
H2O (ppm) 8.4 10.1 10.6 11.8 10.1 
F 7.4 10.9 9.5 8.5 2.3 
S 363 430 354 307 93 
Cl 0.107 0.31 0.30 0.149 0.087 
Sr 295 239 216 26 
Y 61 51 52 8.4 
Zr 239 201 199 21 
Nb 17.3 14.9 14.5 1.33 
Ba 104 86 72 13.9 
La 8.3 8.1 6.9 1.54 
Ce 26 21 21 3.1 
Pr 4.2 3.3 3.7 0.41 
Nd 23 21 21 2.3 
Sm 10.2 7.9 7.4 1.16 
Eu 2.1 0.98 2.9 0.74 
Gd 12.0 9.5 9.3 1.18 
Tb 3.0 2.8 2.6 0.22 
Dy 12.4 10.8 10.7 1.12 
Ho 1.99 2.0 2.0 0.173 
Er 6.7 6.3 5.9 1.07 
Tm 0.85 0.69 0.56 0.15 
Yb 5.8 5.6 4.4 1.13 
Lu 0.95 1.1 0.93 0.17 
Hf 7.3 8.2 6.8 0.33 
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Table S4. Crystalline melt inclusions 973 
Lunar sample # 10020 15016 
MI # 10 10 11a 11a 11a 12 13a 13b 2 
host olivine diameter (μm) 267 267 188 188 188 285 311 311 452 
host olivine Fo# 71 71 69 69 69 71 71 71 54 
inclusion diameter (μm) 30 30 14 14 14 15 86 88 43 
SiO2 (wt%) 48.24 54.86 55.12 54.65 53.88 53.61 57.54 
TiO2 1.99 5.35 3.03 4.66 3.33 2.80 2.33 
Al2O3 26.07 10.04 14.22 9.42 17.25 16.46 15.48 
FeO 3.41 7.72 5.27 7.96 7.25 7.07 8.39 
MnO 0.12 0.13 0.08 0.10 0.09 0.14 0.06 
MgO 1.00 2.26 1.60 3.51 1.41 1.73 2.69 
CaO 19.24 18.52 19.83 19.41 15.54 17.46 14.07 
Na2O 0.45 0.18 0.58 0.58 0.60 0.34 0.89 
K2O 0.45 1.04 0.12 0.09 0.11 0.10 0.28 
P2O5 0.10 0.19 0.20 0.20 0.03 0.04 0.09 
H2O (ppm) 116 8.8 82 342 110 2.4 65 17.9 
F 307 55 83 18.6 106 84 45 51 96 
S 874 127 93 27 247 109 350 631 387 
Cl 4.7 0.96 3.2 0.65 4.2 8.2 4.8 8.2 4.1 
Sr 164 163 193 211 134 
Y 96 123 79 130 45 
Zr 285 339 202 329 154 
Nb 19.7 21 15.0 20.0 8.5 
Ba 88 97 96 112 75 
La 11.1 10.6 8.8 12.8 7.1 
Ce 30 34 28 39.6 21 
Pr 6.0 6.7 4.2 6.9 4.7 
Nd 29 33 24 38 15.3 
Sm 8.5 13.1 9.9 15.3 6.5 
Eu 2.3 3.9 1.91 2.1 
Gd 11.5 15.5 13.8 22 6.7 
Tb 2.8 2.9 3.8 4.3 1.26 
Dy 15.5 21 16.3 25 8.6 
Ho 5.0 6.1 3.0 5.0 2.1 
Er 8.9 12.2 9.7 14.9 4.1 
Tm 0.97 2.2 1.2 2.0 1.0 
Yb 10.2 14.9 9.1 13.8 3.7 
Lu 1.1 1.3 1.5 2.6 0.69 
Hf 8.9 8.7 6.7 14 6.3 
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Table S4.  976 
Lunar sample # 12008 12040 
MI # 5 6a 6b 7 8a 8b 8c 1 2 3a 3b 3c 
host oliv dia (μm) 416 150 150 514 258 258 258 487 564 661 661 661 
host olivine Fo# 76 67 67 69 68 68 68 53 56 63 63 63 
MI dia (μm) 35 18 29 45 21 33 21 66 32 27 32 21 
SiO2 (wt%) 49.16 49.33 51.94 63.75 46.61 46.16 47.26 57.91 57.55 62.64 64.57 66.24 
TiO2 5.82 4.31 4.44 1.83 5.99 6.25 4.99 1.83 1.79 1.79 0.54 1.46 
Al2O3 14.81 13.80 14.31 14.19 13.81 13.48 14.77 14.37 14.96 17.52 21.55 13.95 
FeO 10.14 10.21 12.46 6.02 11.67 13.45 10.97 7.38 8.71 4.25 2.15 6.07 
MnO 0.20 0.15 0.16 0.10 0.15 0.21 0.15 0.09 0.08 0.08 0.01 0.02 
MgO 3.57 3.30 2.83 3.27 3.12 3.60 2.71 3.22 2.25 2.56 0.70 4.55 
CaO 15.66 16.28 15.45 12.77 15.28 14.11 16.14 14.85 16.57 12.08 12.21 7.51 
Na2O 0.41 0.31 0.41 0.55 0.43 0.46 0.32 0.38 0.21 0.70 0.78 0.39 
K2O 0.09 0.11 0.09 0.10 0.11 0.10 0.07 0.05 0.12 0.14 0.13   
P2O5  0.21 0.11 0.10 0.08 0.13 0.06 0.11 0.07 0.17 0.13 0.20 0.07 
Cr2O3  0.20 0.15   0.16 0.14 0.19 0.13      
H2O (ppm) 5.3 29 36 22 40 32 25 9.4 33 5.8 7.4 29 
F 70 87 58 131 50 63 68 180 297 20 126 440 
S 1394 942 1667 180 1623 1319 1871 331 386 22 125 77 
Cl 6.2 4.5 2.8 5.7 2.7 2.7 3.8 1.89 4.1 0.21 3.8 2.0 
Sr 161 169 98 127 80 133 
Y 61 63 78 79 42 41 
Zr 153 161 168 138 118 132 
Nb 7.4 6.5 6.4 9.2 6.4 9.7 
Ba 64.5 59 73 81 32 90 
La 7.9 7.4 6.7 9.5 4.5 9.0 
Ce 23 23 21 23.7 16.0 19.3 
Pr 4.0 4.2 4.3 3.6 2.8 3.1 
Nd 18.2 21 18.1 18.6 13.5 12.5 
Sm 7.2 8.5 8.0 6.8 5.2 4.3 
Eu 1.0 2.0   0.17 
Gd 8.6 8.7 9.1 10.1 6.4 7.5 
Tb 2.0 2.0 1.87 3.1 1.46 1.10 
Dy 11.6 11.3 13.4 13.9 8.5 7.2 
Ho 2.3 3.3 2.9 2.9 1.57 2.1 
Er 7.3 7.4 8.5 8.1 4.2 4.4 
Tm 1.4 1.1 1.4 1.4 0.96 1.2 
Yb 7.7 8.3 9.2 6.8 4.7 3.8 
Lu 0.97 1.1 1.0 1.2 0.67 0.29 
Hf 4.3 5.1 3.7 4.4 2.7 6.8 
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Table S4.  979 
Lunar sample # 15647 74235 
MI # 3 4a 4b 4c 4d 1a 1b 1c 2a 2b 
host olivine diameter (μm) 369 853 853 853 853 258 258 258 296 296 
host olivine Fo# 49 57 57 57 57 71 71 71 71 71 
inclusion diameter (μm) 33 45 27 45 60 48 22 10 37 18 
SiO2 (wt%) 57.86 55.61 58.68 56.02 63.45 40.93 45.01 35.78 43.87 37.15 
TiO2 2.18 2.29 2.61 2.77 1.59 14.43 8.88 21.56 7.24 14.15 
Al2O3 13.66 14.56 14.63 11.79 16.68 11.46 12.94 9.81 10.88 13.93 
FeO 9.33 9.39 6.92 7.96 4.68 16.55 13.84 19.77 18.16 19.35 
MnO 0.13 0.13 0.04 0.12 0.03 0.24 0.19 0.31 0.25 0.29 
MgO 2.64 3.48 2.45 4.90 1.13 3.47 4.00 2.86 9.80 8.77 
CaO 13.33 13.49 13.90 15.81 12.20 12.38 13.89 11.49 9.16 9.86 
Na2O 0.58 0.63 0.51 0.32 0.56 0.65 0.71 0.50 0.70 0.40 
K2O 0.14 0.04 0.10 0.04 0.17 0.12 0.12 0.09 0.12 0.07 
P2O5 0.08 0.19 0.06 0.08 0.19 0.10 0.07 0.01 0.06 0.07 
Cr2O3 0.06 1.00 0.87 0.45     0.41   0.33 0.43 
H2O (ppm) 9.8 12.1 6.7 40 6.6 25 38  57  
F 254 72 55 84 60 27 103 618 95  
S 326 132 313 313 349 225 1208 652 671  
Cl 10.6 3.2 3.4 6.3 3.4 1.91 5.0 23 3.3  
Sr 180 172 99 129 208 125 146 114 104  
Y 29 75 35 28 55 67 87 60 88  
Zr 112 271 116 114 280 202 245 163 236  
Nb 8.3 19.5 5.9 9.4 31 21 21 17.6 13.3  
Ba 105 116 49 59 145 62 76 53 46  
La 7.2 26 5.7 6.7 13.9 5.6 6.3 5.4 6.1  
Ce 18.8 73 15.9 17.1 36 16.3 19.1 15.6 16.2  
Pr 2.7 11.0 2.8 3.0 5.5 3.7 4.1 3.2 3.8  
Nd 13.8 48 13.7 13.2 27 22 24 16.4 21  
Sm 4.6 12.5 6.4 5.1 11.0 11.3 10.7 6.0 11.0  
Eu 1.1 0.81 0.077 0.48 0.19 1.7 1.9 0.26  
Gd 4.6 12.2 3.4 4.5 8.7 9.4 11.4 8.2 11.0  
Tb 0.89 1.83 0.98 0.92 1.60 1.87 1.99 1.79 1.82  
Dy 5.3 12.4 5.6 6.1 10.5 12.1 14.8 9.2 15.7  
Ho 1.13 3.6 1.33 1.38 3.2 3.9 4.1 2.3 3.8  
Er 2.6 6.3 2.7 2.6 6.3 7.1 10.0 6.6 8.4  
Tm 0.57 1.1 0.13 0.36 1.1 1.6 1.6 0.96 1.9  
Yb 2.9 5.3 3.4 2.2 7.2 10.7 11.2 7.6 9.6  
Lu 0.31 0.43 0.58 0.39 0.77 1.4 1.0 1.2 1.1  
Hf 4.9 5.2 3.4 14 4.2 7.4 9.5 7.3  
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